Hydrogen peroxide (H 2 O 2 ) is an extremely reactive oxidoradical that is normally produced as a by-product of the mitochondrial activity and also under several metabolic stress conditions. Autophagy, a lysosomal degradation pathway, is triggered by oxidative stress as a defensive response. How autophagy and death pathways are coordinated in cells subjected to oxidative stress is still poorly understood. In human neuroblastoma SH-SY5Y cells, 200mM H 2 O 2 rapidly induced the formation of LC3-positive autophagic vacuoles and of beclin1-Vps34 double-positive macroaggregates. Vacuolar LC3 and beclin1 aggregates did not form when oxidative stress was performed in cells pretreated with 3-methyladenine (3MA), an inhibitor of Vps34, or infected with a recombinant adenovirus expressing a dominant-negative mutant of Vps34. H 2 O 2 provoked the permeabilization of lysosomes (at 30 min) and of mitochondria, the concomitant oligomerization of bax, and eventually (at 2 h), cell death in about 50% of the cell culture. Inactivation of Vps34-dependent autophagy in oxidativestressed cells abrogated lysosome leakage, bax activation, and caspase-dependent apoptosis and conferred protection for as long as 16 h. Inhibition of caspase activity (by ZVAD-fmk) did not trigger an alternative cell death pathway but rather afforded complete protection from oxidative toxicity, despite the ongoing generation of oxidoradicals and the cellular accumulation of autophagic vacuoles and of leaking lysosomes. On long-term (16 h) exposure to H 2 O 2 , signs of necrotic cell death became apparent in LC3-positive cells, which could be prevented by ZVAD-fmk. The present data highlight the pivotal role of autophagy in H 2 O 2 -induced cell death in dopaminergic neuroblastoma cells.
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Hydrogen peroxide (H 2 O 2 ) is a prototypic reactive oxygen species (ROS) generated as a by-product of the normal oxidative metabolism (Adam-Vizi and Chinopoulos, 2006) and also under various stressful conditions including ischemiareperfusion (Matsui et al., 2007) , neurotransmitter stimulation (Yamato et al., 2010) , and pesticide-intoxication (Drechsel and Patel, 2009 ). At low concentrations, H 2 O 2 acts as a survival molecule, but at high concentrations, it can lead to irreversible damage, followed by cell death (Circu and Aw, 2010; Groeger et al., 2009; Poli et al., 2004) . Increases in cellular levels of ROS leads to oxidative modifications of lipids, proteins, and DNA (Leonarduzzi et al., 2000; Lü et al., 2009) . As a defensive mechanism to get rid of oxidized molecules and damaged membranes and organelles, the cell activates a lysosomalmediated degradation pathway named autophagy (Azad et al., 2009) .
Autophagy (here used as synonymous of ''macroautophagy'') is the process by which cytoplasmic constituents and entire organelles are targeted to lysosomes for degradation (Eskelinen and Saftig, 2009 ). The autophagic process starts with the entrapment of the material by a double-membrane vesicle named the autophagosome, proceeds with the fusion of the autophagosome with the lysosome to form the autophagolysosome and is concluded with the complete breakdown of the autophagocytosed material by acid hydrolases (Eskelinen and Saftig, 2009) . Constitutive autophagy enables the physiologic turnover of intracellular components, thus playing an important function in cell homeostasis. However, autophagy can be rapidly induced as a defensive mechanism for the clearance of unnecessary or damaged organelles or harmful macromolecular aggregates Williams et al., 2006) . In this sense, autophagy is regarded as a defensive stress response. Yet, hyperinduction of autophagy and consequent excessive lysosomal degradation of cell constituents may precipitate into a form of selfcannibalism that leads to a so-called ''autophagic cell death'' (Maiuri et al., 2007) . In most circumstances, autophagy parallels apoptosis as a frustrated salvage pathway, rather than truly being the primary cause of cell death. In these cases, the generic term ''autophagy-associated cell death'' seems more appropriate to describe the process . Although apoptosis and autophagic cell death present with distinct morphological features (e.g., chromatin condensation is typical of apoptosis, whereas cytosolic vacuolization is indicative of autophagy), the two pathways overlap at the level of various signaling steps and may converge and be integrated at the level of the same organelles (i.e., the lysosome and the mitochondrion) (Kurz et al., 2010) .
The activation of the prosurvival or prodeath pathway by oxidative stress depends on the type of ROS and the site of its generation (Circu and Aw, 2010; Groeger et al., 2009) , the dose and duration of exposure, as well as on the genetic and metabolic background of the target cell (Castino et al., 2005 (Castino et al., , 2007 (Castino et al., , 2008a Chen et al., 2008; Gardner et al., 1997; Huang and Shen, 2009) . Understanding the mechanisms linking the oxidoradicals-induced autophagy response to cell death pathways could suggest new therapeutic strategies for the treatment of oxidative stress-associated diseases. In this work, we investigated the mechanisms that govern the reciprocal regulation of autophagy and death pathways in human dopaminergic neuroblastoma SH-SY5Y cells-subjected H 2 O 2 injury. We show, for the first time, that autophagy triggered by oxidative stress can lead to the activation of the intrinsic apoptotic pathway and, on long term (16 h), to secondary necrosis. Inactivation of the Vps34/phosphatydil-inositol-3-phosphate kinase (PI3k) III signaling pathway, either by pharmacologic inhibition with 3-methyladenine (3MA) or by transgenic expression of a dominant-negative Vps34, prevented onset of autophagy and protected the cells from H 2 O 2 toxicity. The pancaspase inhibitor ZVAD-fmk abolished apoptosis and secondary necrosis but was unable to abrogate autophagy and ROS generation. Of note, in cells undergoing necrotic cell death, autophagy remained upregulated despite in these cells ROS were no longer detected.
MATERIALS AND METHODS
Unless otherwise specified, all chemicals were from Sigma-Aldrich Corp. (St Louis, MO).
Cells, treatments, and evaluation of cell death. Human neuroblastoma SH-SY5Y cells (American Type Culture Collection, Rockville, MD) were cultured as previously reported (Castino et al., 2007) . Cells were seeded and let adhere on sterile plastic dishes for 24 h prior to start any treatment. Treatments included 200lM H 2 O 2 , 10mM 3MA, and 10lM ZVAD(OMe)-fmk. Cytotoxicity was assessed by manual counting of viable (trypan blue excluding) cells and by cytofluorometry analysis of annexin V-FITC-labeled cells or propidium iodide (PI)-labeled cells as previously reported in detail (Castino et al., 2007) .
Assessment of caspases activation. Caspases activity was measured with the Caspases Detection Kit (Merck Biosciences Ltd, Nottingham, UK) using FITC-VAD-fmk as a substrate. Stained cells were analyzed by flow cytometry, and data were interpreted using the winMDI software.
Fluorescence microscope imaging of autophagy and cell death. Formation of autophagosomes was monitored in living cells stably transfected with a plasmid coding for the fluorescence chimeric protein GFP-LC3 (Castino et al., 2008a) . The construct has been described previously (Trincheri et al., 2008) . Alternatively, acidic autophagolysosomes were detected in living cells plated on coverslip by staining with 0.05mM monodansylcadaverine (MDC) in PBS at 37°C for 5 min. After incubation, cells were washed twice with PBS and immediately analyzed by fluorescence microscopy (excitation: 380-420, barrier filter 450 nm). Immunofluorescence was performed in cells plated on coverslips after fixation in methanol and permeabilization using standard procedure. The following rabbit polyclonal antisera specific for bax (Cell Signaling Technology, MA), beclin1 (Santa Cruz Biotechnology, Santa Cruz, CA), and LC3 (SC-28266; Santa Cruz Biotechnology) and monoclonal antibodies specific for Lamp1 (BD Transduction, Oxford, UK) were used. Immunocomplexes were revealed with secondary antibodies, either Cy3 conjugated or FITC conjugated, goat-anti-rabbit IgG or goat-anti-mouse IgG (purchased from Jackson Immunoresearch Laboratories, West Grove, PA), as appropriate.
Terminal deoxynucleotidyl transferase dUTP Nick End Labeling (TUNEL) assay was performed with the ''In Situ Cell Death Detection'' Fluorescent Kit (Roche Diagnostics Corporation, Indianapolis, IN). Necrotic cells were evidenced by freshly (not fixed) staining the cells with PI.
Fluorescence stained coverslips were observed under a Leica DMIRE2 confocal fluorescence microscope (Leica Microsystems AG, Wetzlad, Germany) equipped with Leica Confocal Software v. 2.61. For each experimental condition, three coverslips were prepared. At least four fields in each coverslip were examined by two independent investigators. Representative images of selected fields are shown.
Detection of oxidant activity. The generation of oxidizing species in cells was probed by incubation for 15 min with 5lM of 2#-7#-dichlorodihydrofluoroscein diacetate (H2DCF-DA; Molecular Probes-Invitrogen Corp.) from a stock solution (5mM in DMSO).
Lysosomes and mitochondria permeabilization studies. Integrity of lysosomal and mitochondrial membrane was assayed in living cells by the acridine orange (AO) retention test and by Mitotracker Red (Invitrogen Corp.) labeling, respectively, as described elsewhere (Castino et al., 2007) .
PI3K III dominant-negative adenoviral vector. The adenoviral vector Ad-CMV-Vps34dn-IRES-eGFP was generated using standard recombinant DNA methodologies. The cDNA clone encoding a kinase-deficient (dominant negative) mutant of rat Vps34 was the kind gift of Dr HW Davidson (University of Cambridge). The full-length coding sequence was subcloned into BamHI-cleaved pXCX-CMV-IRES-eGFP shuttle vector. This drives the synthesis of a single bicistronic mRNA encoding, first, the transgene of interest and, second, the enhanced green fluorescent protein (eGFP). The resulting pXCX-CMV-Vps34dn-IRES-eGFP clone was carefully verified, then cotransfected with the helper plasmid pJM17 (Microbix Biosystems, Toronto, Canada) into HEK293 cells resulting in the generation of replication-deficient Ad-CMV-Vps34dn-IRES-eGFP adenoviral particles. Virus was purified and concentrated by ultracentrifugation in a cesium chloride density gradient.
Protein expression analysis. Immunoblotting was performed as previously reported (Castino et al., 2007) . The filter was subsequently probed with monoclonal anti-LC3 (Nanotools, Temingen, DE) and a mouse monoclonal antibody specific for b-actin. Immunocomplexes were revealed by using a peroxidase-conjugated secondary antibody, as appropriate, and subsequent peroxidase-induced chemiluminescence reaction (Bio-Rad). Intensity of the bands was estimated by densitometry (Quantity one software).
Statistical analysis. Unless otherwise specified, all the experiments were performed in triple and reproduced at least three times. Data are given as mean ± SD.
RESULTS

Autophagy Is an Early Stress Response to Oxidative Stress
We first assessed the induction of autophagy in SH-SY5Y cells exposed for up to 2 h to 200lM H 2 O 2 . Dynamic formation of autophagosomes was detected by monitoring the AUTOPHAGY-DEPENDENT CELL DEATH IN OXIDATIVE STRESS subcellular localization of the fluorescent chimeric protein GFP-LC3, which translocates from the cytoplasm to the nascent autophagosomal membrane upon induction of autophagy (Trincheri et al., 2008) . We used SH-SY5Y-transfected cells stably expressing GFP-LC3 (Castino et al., 2008a) , in order to overcome aspecific LC3 relocation possibly induced by transfection-associated stress. GFP-LC3-transfected cells not exposed to H 2 O 2 showed a diffuse cytoplasmic fluorescence, whereas those exposed to H 2 O 2 showed a punctate fluorescence, consistent with the vacuolar localization of LC3 (Fig. 1A) . The proportion of cells showing a vacuolar-type localization of GFP-LC3 varied with time of incubation. The phenomenon peaked at 30 min (involving > 50% of the cells) and slightly declined by 2 h. The cytoplasmic to vacuoleassociated relocation of LC3 did not occur in the presence of 3MA (Fig. 1A) , a known inhibitor of PI3k and of autophagy. To see if autophagosome accumulation resulted from its impaired clearance because of defective fusion with lysosomes or from true increased autophagic flux , we checked for autophagolysosome formation by double labeling the oxidative-stressed cells with LC3, as a marker of autophagosome, and Lamp1, as a marker of lysosomes. The images shown in Figure 1B demonstrate that fusion of autophagosomes with lysosomal organelles took place between 30 and 60 min of incubation, thus ruling out the possibility that oxidative damage hampered the flux of autophagy. H 2 O 2 -induced vacuolar relocation of LC3 was associated with the proteolytic conversion of the 18-kDa precursor LC3 I into the 16-kDa LC3 II isoform (Fig. 1C) , as expected of true autophagy (Kabeya et al., 2000) . The ratio of LC3 II versus actin, which reflects the formation of autophagosomes, confirmed the accumulation of the LC3 II protein in H 2 O 2 -treated cells, an event that was fully prevented when the cells were incubated in the presence of 3MA (Fig. 1C) . The autophagy process is triggered by a multimeric macrocomplex containing, among other proteins, beclin1 (the mammalian equivalent of yeast Vps30/atg6) and class III PI3k (the mammalian equivalent of yeast Vps34) (Klionsky, 2007) . Beclin1-Vps34 double-positive aggregates rapidly formed and increased with time of exposure to H 2 O 2 ; their formation was inhibited by 3MA (Fig. 1D) . The beclin1 interactome is thought to function as an activator of PI3k III and as a trigger for the recruitment of autophagy proteins on the nascent vacuole (Zeng et al., 2006) . To determine the specific role of PI3k III activity in the H 2 O 2 -induced formation of beclin1-positive macroaggregates, we genetically downregulated the PI3k III-mediated signaling. To this end, we used a recombinant adenoviral vector that drives the expression of a dominantnegative Vps34 lacking lipid kinase activity (Castino et al., 2008b) . The recombinant virus Ad-Vps34dn also encodes the GFP as a reporter of the efficiency of translation in infected cells (Fig. 1E) . Based on GFP staining, more than 90% of the cell monolayer was successfully infected (data not shown). Sham-and Ad-Vps34dn-infected cells were exposed to H 2 O 2 and then immunostained for beclin1. The expression of Vps34dn precluded the accumulation of beclin1 macroaggregates in cells exposed to H 2 O 2 for as long as 2 h (Fig. 1F) . In Ad-Vps34dn-infected cells exposed to H 2 O 2 , the LC3 I to LC3 II conversion was greatly inhibited (Fig. 1G) , indicating that formation of autophagosomes was downregulated. Altogether, these experiments demonstrate that H 2 O 2 rapidly induces autophagy and that the lipid kinase activity of PI3k III is essential to promote the formation of beclin1-containing aggregates and the processing of LC3 associated with the formation of autophagosomes.
PI3k III Activity Drives the Activation of Caspases and Cell
Death in Oxidative-Stressed Cells We have previously shown that a 2-h exposure to 200lM H 2 O 2 causes~50% of cell loss in the monolayer of SH-SY5Y neuroblastoma cells through induction of caspase-mediated apoptosis (Castino et al., 2007) . We first checked whether 3MA, which was shown to abolish the induction of autophagy ( Fig. 1) , protected from or exacerbated the cytotoxicity of H 2 O 2 . As previously reported (Castino et al., 2007) , approximately 50% of H 2 O 2 -treated cells showed annexin V positive, indicative of apoptosis-like cell death ( Fig. 2A) . If autophagy was protecting half of the exposed cell population, then its inhibition should result in 100% cell death following H 2 O 2 treatment. Strikingly, the percentage of cells positive for annexin V-FITC in 3MA-preloaded culture treated with H 2 O 2 was as low as in control untreated cells ( Fig. 2A) , indicating that 3MA could prevent programmed cell death induced by oxidative stress. 3MA also prevented the activation of caspases associated with H 2 O 2 injury (data not shown). Prompted by this finding, we further evaluated the specific involvement of the Class III PI3k-dependent pathway in oxidative stress-induced cell death and activation of caspases by using the recombinant adenovirus Ad-Vps34dn to downregulate the activity of PI3k III. In sham-infected cultures, the cell population with a hypodiploid content of DNA, a hallmark of apoptotic cells, doubled upon exposure to H 2 O 2 (Fig. 2B ). This effect was not observed in Vps34dn-expressing cells (Fig. 2B) . Counting of adherent viable cells confirmed the absence of cell loss in the monolayer of AdVps34dn-infected cells exposed to H 2 O 2 (data not shown). To investigate long-term effects of H 2 O 2 -induced autophagy, cell viability was evaluated in cultures exposed (or not) to H 2 O 2 for 16 h. As shown in Figure 2C , pharmacologic inhibition or genetic downregulation of the PI3k III-mediated signal, which was not in itself toxic, afforded almost complete protection from H 2 O 2 cytotoxicity. Data reported in Figure 2D further indicate that caspases were not activated in cells in which the PI3k III signal was genetically downregulated, despite the long incubation under oxidative stress conditions. The fact that 3MA and Vps34dn attained the same effects with regard to autophagy inhibition, caspase activation, and cell death supports the view that in our 
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experimental conditions 3MA is primarily inhibiting the class III PI3k pathway.
PI3k III Drives the Leakage of (Autophago) Lysosomes and the Activation of the Bax-Mediated Intrinsic Pathway of Apoptosis in H 2 O 2 -Treated Cells with Ongoing Autophagy
To further assess the direct involvement of PI3k III in caspase-dependent apoptosis induced by H 2 O 2 , we employed the TUNEL technique to reveal the presence of nicked DNA in apoptotic cells. Although most sham-infected cells exposed to H 2 O 2 stained for TUNEL, Ad-Vps34dn-infected cells did not (Fig. 3A) . Oxidative stress was shown to induce apoptosis through a pathway encompassing lysosome permeabilization (followed by the cytosolic relocation of lysosomal cathepsin D) and bax-mediated permeabilization of mitochondria (Castino et al., 2007) . We checked for the involvement of PI3k III in these processes. In H 2 O 2 -treated SH-SY5Y cells, permeabilization of the mitochondrion, as assessed by loss of mitotracker staining, was associated with the presence on its membrane of oligomerized bax, as detected by a specific antibody recognizing the N-terminus of conformational active bax (Fig. 3B) . Strikingly, when the oxidant treatment was performed in cells preloaded with 3MA, the pattern of bax immunostaining and of mitotracker staining resembled that in healthy untreated cells (Fig. 3B) . We then checked whether lysosome leakage was a downstream event in the PI3k III signaling pathway activated by H 2 O 2 . Sham-infected and AdVps34dn-infected cells were exposed to H 2 O 2 for 30, and acid compartments were stained with AO, which fluoresces red when retained within lysosomes and green when it localizes in the cytosol (Castino et al., 2007) . In shaminfected cells, H 2 O 2 causes the cytosolic redistribution of AO; lysosome leakage is evident at 30 min (Fig. 3C) , a time point that precedes the occurrence of bax-mediated mitochondrial permeabilization (Fig. 3D) . In Ad-Vps34dn-infected cells, no cytosolic relocation of AO was observed after 2 h of incubation with H 2 O 2 (Fig. 3C) . Overall, these data indicate that H 2 O 2 triggers the caspase cascade through a pathway requiring the lipid kinase activity of PI3k III.
In Oxidative Stress Toxicity, Caspases Act Downstream
Autophagolysosomes Formation and Lysosome Leakage Downregulation of PI3k III signals prevented the induction of autophagy and protected the cells exposed to oxidative stress from caspase-associated cell death (Figs. 2 and 3) , suggesting a link between oxidative stress, formation of autophagic vacuoles, and activation of the intrinsic pathway of apoptosis. We therefore sought to determine whether caspases actually contributed (and to what extent) to cell death and the exact step at which they were recruited in dying cells exposed to H 2 O 2 . A preincubation of SH-SY5Y cells with 10lM ZVAD-fmk conferred complete protection from oxidative stress injury (Fig. 4A) , indicating that caspases are essential actors in the execution of the death program. Inhibition of caspases neither had an effect on the generation of ROS, as assessed by the fluorescent probe H2DCF-DA (Fig. 4B) , nor on the formation of mature autophagic vacuoles, as assessed by LC3-Lamp1 double staining (Fig.  4C) . Finally, as indicated by the diffuse cytoplasmic green fluorescence in the cells, inhibition of caspases did not impede the cytosolic relocation of AO from preloaded lysosomes following H 2 O 2 treatment (Fig. 4D) . From these data, we 
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conclude that caspases are activated through the intrinsic death pathway following the induction of autophagy and, more precisely, beyond the autophagosome-lysosome fusion step.
On Long Term, Oxidative Stress-Induced Autophagy Proceeds to Necrotic Cell Death
It has been shown that hyperactivation of autophagy can switch to autophagic cell death or necrosis in cells   FIG. 4 . Caspases act downstream the formation of autophagolysosomes in oxidative stress toxicity. SH-SY5Y Cells were exposed to H 2 O 2 in the presence or in the absence of the pan-caspases inhibitor ZVAD-fmk (ZVAD, 10lM). (A) At the end of the treatment (2 h), adherent living cells were counted. The caspases inhibitor afforded complete protection against H 2 O 2 . Data represent the mean ± SD of three independent experiments in triplicate. (B) Cells on coverslips and treated (2 h) as indicated were stained with the H2DCF probe and observed under the fluorescence microscope. The diffuse and intense fluorescence of DCF in H 2 O 2 -treated cells indicates the formation of oxidizing radical species. Inhibition of caspases has no effect on the generation of ROS. (C) Cells on coverslips were exposed to H 2 O 2 for the time indicated in the absence or the presence of the caspase inhibitor (ZVAD). At the end of incubation, cells were fixed and immunofluorescence stained for LC3 and Lamp1 as markers, respectively, of autophagosomes and lysosomes. ZVAD did not impede the formation of autophagolysosomes induced by oxidative stress. (D) Cells on coverslips were pre-loaded with AO and exposed to H 2 O 2 for the time indicated in the absence or the presence of the caspase inhibitor (ZVAD). At the end, cells were immediately imaged under the fluorescence microscope. Inhibition of caspases did not prevent the permeabilization of lysosomes induced by H 2 O 2 . Images shown in this figure are representative of at least three independent experiments. Bar ¼ 10 lm.
158 CASTINO ET AL. defective in the apoptotic machinery (Chen et al., 2008) . We therefore checked whether long-term caspase inhibition still exerted full protection from hyperinduction of autophagy by oxidative stress injury or actually it favored the activation of alternative death pathways. Therefore, in ZVAD-fmk-pretreated cells exposed to H 2 O 2 for up to 16 h, we looked for signs of apoptosis, autophagic cell death, and necrosis. First, we assayed the production and accumulation of ROS and the induction of autophagy. Data in Figure 5 demonstrate that autophagolysosomes, as (Fig. 5C ). It is to note that, based on mitotracker staining, mitochondria appear fully functional (i.e., not permeabilized) and oligomerization of bax is not appreciable in cells subjected to oxidative stress in the presence of ZVAD-fmk for up to 16 h (Fig. 5D) . To assess the hierarchic relationship between autophagy, apoptosis, and necrosis, we searched for signs of necrosis and autophagy in culture exposed for 16 h to H 2 O 2 in the absence or the presence of the caspase inhibitor ZVADfmk. In a first set of experiments, the cells were freshly (i.e., without fixation) labeled with PI, which in this case labels only necrotic cells and MDC, which is known to accumulate within acidic autophagolysosomes (Castino et al., 2008a) . The images in Figure 5E show that on long term the hyperinduction of autophagy induced by H 2 O 2 eventually precipitates to a necrotic-type cell death, as demonstrated by the accumulation of MDC-positive vacuoles in cells that present condensed and fragmented chromatin labeled by PI. In parallel cultures incubated in the presence of ZVAD-fmk, no signs of necrosis were apparent, despite the rich presence in the cytoplasm of MDC-positive vacuoles (Fig. 5E ). This suggests that necrosis follows autophagy-associated apoptosis. To further prove this interpretation, in a parallel set of cultures, the cells were freshly labeled with PI (to identify necrotic cells), then fixed, and immunolabeled with anti-LC3 antibody in order to specifically identify the autophagic vacuoles. The images in Figure 5F confirm the occurrence of necrosis in LC3-positive cells exposed to H 2 O 2 and incubated for 16 h, an event fully prevented by the caspase inhibitor ZVAD-fmk. From these data, we conclude that (1) on H 2 O 2 challenge, autophagy remains upregulated for long time (at least 16 h) despite ROS are no longer detected in the cell and (2) in cells with ongoing autophagy, eventually necrosis follows apoptosis.
DISCUSSION
Studies conducted in various neuronal-and glial-type cell models showed both prosurvival and prodeath effects of oxidative stress-induced autophagy (Castino et al., 2005; Gonzalez-Polo et al., 2007; Maycotte et al., 2010; Pivtoraiko et al., 2009; Zhang et al., 2009) . Cells succumbing to H 2 O 2 treatment may present with the biochemical and morphological features typical of necrosis, apoptosis, oncosis, and autophagic cell death (Castino et al., 2007; Chen et al., 2008; Huang and Shen, 2009; Ryter et al., 2007; Takeda et al., 1999) . How autophagy, apoptosis, and necrosis are reciprocally regulated and their hierarchic contribution to cell fate in oxidativestressed cells remain unsolved conundrums.
In the present study, we examined the role of autophagy in human neuroblastoma dopaminergic SH-SY5Y cells subjected to oxidative stress by H 2 O 2 , the most abundant and highly diffusible oxidant species generated in the nervous system. Specifically, we addressed the following questions: (1) Is the induction of autophagic vacuoles epiphenomenal or part of an unrestrained death pathway?, (2) Is the fusion of autophagosomes with lysosomes hampered?, (3) How does autophagy interact with the apoptotic pathway?, and (4) What is its contribution to cell death?
We show that H 2 O 2 treatment of SH-SY5Y cells leads to autophagy, caspase activation, and cell death and that all these events are controlled by the lipid kinase activity of Vps34/class III PI3k. Our finding is in accord with the recent work by Choi et al. (2010) , who showed that downregulation of autophagy via 3MA-mediated inhibition of PI3k III protects dopamine neurons from oxidative stress. Interestingly, these authors discovered a novel protein, called Oxi-alpha, that protects dopamine neurons from oxidative stress toxicity by activating mammalian target of rapamycin and so repressing the accumulation of autophagic vacuoles (Choi et al., 2010) . We found that H 2 O 2 -mediated oxidative stress irreversibly altered the regulation of autophagy, as this persisted upregulated for long time (at least 16 h), beyond the life time of ROS. On long term (16 h), H 2 O 2 toxicity manifested with the morphological features of necrosis associated with the cytoplasmic FIG. 6 . Schematic representation of the cellular events linking autophagy to cell death in oxidative-stressed cells (based on results reported in this study and in Castino et al., 2007). 160 CASTINO ET AL. accumulation of autophagic vacuoles. The present observation contrasts with the finding that activation of the autophagy pathway by H 2 O 2 produced under starvation or ischemia/ reperfusion prevents necrosis (Matsui et al, 2007; ScherzShouval et al., 2007) .
The use of ZVAD-fmk, a broad inhibitor of caspases, while protecting from H 2 O 2 -induced cell death, did not impede the H 2 O 2 -induced generation of ROS, the formation of mature autophagic vacuoles, nor the lysosome leakage, indicating that only the executioner caspases were recruited and in a step downstream the lysosome permeabilization. It is to note that incubation with ZVAD-fmk also resulted in the block of bax activation and protection of mitochondria. Autophagy was found to prevent H 2 O 2 -induced necrosis in mouse fibroblasts genetically deprived of the proapoptotic bax/bak proteins (Huang and Shen, 2009 ). Here, we found that late onset of necrosis could be prevented by caspase inhibition, despite ongoing autophagy. Also, prolonged caspase inhibition did not switch the autophagy stress response to an alternative death pathway, rather saved the cells despite the presence of autophagic vacuoles and of leaking lysosomes. It is to note that necrosis, which followed apoptosis, was fully avoided by impeding the activation of autophagy. Thus, in H 2 O 2 -stressed SH-SY5Y cultures, autophagy precedes and promotes apoptosis that eventually evolves to necrosis. Beside the different genetic and metabolic background of the cell models, one possible explanation for the above apparent contradictions is that the origin (intra-or extracellular) and the extent of the ROS produced influence the pathways activated and the outcome of their intersection (Circu and Aw, 2010; Groeger et al., 2009) .
Because bax-mediated permeabilization of mitochondria in H 2 O 2 -treated SH-SY5Y cells was shown to depend on the cytosolic relocation of cathepsin D (Castino et al., 2007) , we hypothesize that the lysosome (or, better, the autophagolysosome) is the organelle in which the stress signal switches from autophagy to apoptosis. A scheme of the events occurring in H 2 O 2 -induced cell death in dopaminergic neuroblastoma cells, based on the results presented in this and in our previously published (Castino et al., 2007) works, is presented in Figure 6 . These data are meaningful for the comprehension of oxidative stress-associated neurodegenerative diseases and might suggest autophagy-targeted therapeutic strategies for their treatment (Shacka et al., 2008) . 
